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Rcrinoids have been shown to either stimulate or inhibit 
epidermal keratinocyte proliferation. We have observed that 
in serum and growth factor free medium (basal medium), 
epidermal growth factor (EGF) and transforming growth 
factor alpha (TGFa) stimulated DNA synthesis in mouse epi-
dermal keratinocyte cultures (mKC) in a time- and dose-
dependent manner. Incubation with all-trans retinolc acid 
(RA) greatly enhanced the stimulatory effect ofEGF. Trans-
forming growth factor beta (TGFp) inhibited the EGF-in-
duced DNA synthesis in a dose-dependent manner, and the 
inhibition was greatly enhanced by a low dose ofRA. Treat-
ment of growth-factor deprived human keratinocyte cultures 
Peptide growrh factors play important roles in srimui:lC-ing and suppressing cell proliferation and could function to maintain the homeostasis of the epidermis [1,2]. Epi-dermal kcratinocyrcs have been shown to produce the mitogenic peptide growth factor TGFO' [3] and the in-
hibicory growth factor TGF,8 14]. Abnormal levels of peptide 
growth factors or abnormal responses of keratinocytes to peptide 
growth factors could adversely affect epidermal growth. In this 
respect, rhe hyperprolifcrative epidermis of psoriasis has recently 
been found to ovcrcxprcss both the messenger RN A and the protein 
ofTGFQ but not those ofTGFp• suggesting rhatexcessive mitogenic 
factors may be a cause of epidermal hypcrproliferation [51. Agencs 
that alter the responses of kcr3tinocytes to peptide growth factors 
could have either bene6cial or deleterious effects on epidermal 
growth. Retinoids have been shown [0 be bene6cial in 3 number of 
epidermal diseases including psoriasis [6 - 9). However, retinoids 
have also been shown to cause hyperplastic responses in normal 
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Abbreviations: 
I3PE: bovine pituitary extract 
DMSO: dimethyl sulfoxide 
EDTA: cthylencdinitrilotetracetlc acid 
EG F: epidermal growth factor 
FUS: fetal bovine serum 
hKC: human epidermal keratinocyu: cultures 
mKC: mouse epidenna1 kerarinocyte cu ltures 
RA: all-trans rerinoic acid 
TGFn: transforming growth factor alpha 
TGF,: transforming growth factor beta 
(hKC) with RA befote incubation in basal medium contain-
ing EGF or a mixture ofEGF, bovine pituitary extract (BPE), 
and insulin caused a dose-related increase in DNA synthesis 
and cell growth (cell number), respectively. A low concen-
tration of RA also enhanced the inhibitory effect ofTGF,son 
growth-factor-induced DNA synthesis and cell growth in 
hKC. These findings suggest that the differential effects of 
rcrinoids on epidermal keratinocycc proliferation arc in part 
due to an enhancement of the response of keratinocytes to 
positive a.nd negative peptide growth factors.] Invest DermatDi 
94:126-131,1990 
epidermis 11O,11J. We have reported that RA and a number of 
synthetic rcrinoids stimulated DNA synthesis in slow proliferacing 
keratinocytcs and inhibited it in fast proliferating keratinocytes in a 
calcium-regulated mouse epidermal keratinocyte culture system 
[12,131. We have examined the possibility that these differential 
effects of retinoids are due to an alteration ofkerarinocyte responses 
to growth factors. In this report, the effects ofRA on the responses 
of mouse and human epidermal keratinocytes to EGF, a mirogen 
that binds and acts through the same recepror as TGFQ [14], and to 
TGF, are rresented. The results showed that RA enhanced the 
response 0 keratinocytes co the stimulatory effect of EGF and the 
inhibitory effect ofTGF,. 
MATERIALS AND METHODS 
Materials Balblc mice were purchased from Simonsen Breeding 
l....aboratories (Gilroy, CAl, and newborn mice were bred in the 
Allergan vivarium. Newborn human foreskins from circumcision 
operations were obtained from local hospitals. The foreskins were 
kept in DMEM medium containing 10% fetal bovine serum and 1 % 
Fungibact at 4°C and were used within 10 d after collection. Fetal 
bovine serum and Fungibact were purchased from Irvin.e Scientific 
Co. (Irvine, CAl. DMEM, MCDn 153 media. trypsin-EDTAsolu-
tion, and gentamycin were purchased from Gibeo Laboratories 
(Grand Island, NY). Mouse maxillary gland epidermal growth fac-
tor, bovine pituitary extract, and insulin were products of Collabo-
rative Research, Inc. (Bedford, MA). Transforming growth factor 
alpha (synthetic tat transforming growth factor I) was purchased 
from Peninsula Laborarories (Belmont, CAl. Porcine platelet trans-
forming growth factor type beta one was purchased from R&D 
Systems. Inc. (Minneapolis. MN). Chelex 100 (200-400 mesh, 
sodium form) was obtained from Bio-Rad Laboratories (Richmond, 
C Al. Six-well culture dishes were &om Costar (Cambridge, MA). 
Calcium chloride, dimethyl sulfoxide, and all-trans retinoic acid 
were purchased from Sigma Chemical Co. (St. Louis, MO). [6-'HJ-
thymidine. 18.2 Ci/mmol, 1 mCi/ml was obtained &001 Dupont 
NEN Research Products (Boston, MA). 
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E pidermal Kerat inocyte C ultures 
MOllse Epidermal Keratinocyte Clllwres (mKC): The method de-
scribed for the preparation of mKC from neonatal Balb/c mice 
[12,13,15] has been modified. Keratinocytes obtained from rrypsin-
separated epidermis of skins from newborn Balb/c mice were resus-
pended in basal MCDB 153 and supplemented with 0.03 mM 
CaCI;! (final concentration of 0.06 mM Ca2+), and a low concentra-
tion of serum and growth factors (2% chelexed fetal bovine serum, 3 
Jtg/ml bovine pituitary extract, 1 ng/ml EGF, and 1 % Fungibact). 
The cells were plated onto six-well plastic culture dishes. After 
overnight incubation at 34"C. colonies of keratinocytes with typi-
cal low calcium morphology were formed. Unattached cells were 
removed by changing the medium. The cultures proliferated and 
became confluent in about 7 d, maintaining a typical low calcium 
ker.1tinocyte morphology, The low serum, low growth factor sup-
plemented MCDB 153 medium appeared to be selective for mouse 
epidermal keratinocyte growth similar to the growth factor supple-
mented MCDB 153 which was selective for human keratinocyte 
growth [16]. The medium was changed every 2-3 d. 
H,unatl Epidermal Keratillocyre C,tllllres (liKe): Human keratino-
cytes were obtained from dle epidermis of newborn foreskins. Prior 
to dissection, they were incubated for about 6 h at 4 "C in DMEM 
cOl1taini.ng 10% fetal bovine serum (FBS) , 1% Fungibact. and 1% 
gemamycin. The foreskins were dissected to remove most of the 
subcutaneous tissues and cue into approx imately 0.5 cm squares, 
After incubation in 0.25% (w/v) trypsin/2.65 mM EDTA (5X 
trypsin/EDT A) overnight at4 "C, rhe epidermis was separated from 
the dermis by forceps and transferred co 1 X trypsin/EDTA, The 
keratinocytcs werc separated from the epidennis by teasing with 
forceps followed by vigorous pipetting. After addition of 2% heat 
inactivated FBS to inhibit the trypsin, the cell suspension was fil-
tered through a 37-J1IU Nitex nylon mesh (Terkom, CAl, The cells 
were relleted by cenrrifugation (300 X g, 10 min) and plated in 
6-wel dishes at the equivalence of two wells per epidermis in 
MCDS 153 medium which was supplemented with 2% heat inacti-
vated FBS, 0.12 mM Ca2+ (final concentration of 0 .15 111M Ca2+), 
10 ng/ml EGF, 5 Jtg/ml insulin, 0.5 Jtg/ml hydrocortisone, 50 
.ug/ml BPE. and 1 % Fungibact. The above medium from which the 
FBS had been omitted (growth factor supplemented MCDB 153. 
Ref 16) was used for feeding these primary cu ltu res the next day and 
every 2 to 3 d thereafter and for plating and growing subcultures. 
When the primary cultures reached 70%-80% confluence (ap-
proximately 2 weeks), the cells were trypsinized in IX trypsin/ 
EDTA, neutralized with FBS, washed and plated at 1 X l OS cells 
per 35-mm well in 6-well dishes. Subcultured hKC reached con-
fl uence in 5 to 7 d and maincained a typical low calcium keratino-
eyte monolayer morphology. Passage 3 to 5 hKC were used for 
DNA synthesis and cell growth studies, 
T reatment and D eterminations of DNA Synthesis and Cell 
Growth For DNA synthesis studies, quadruplicate confluent pri-
mary mKCwere rinsed once with 0.06 mM Ca2+basal MCDB 153 
and quadruplicate confluent hKC were rinsed and maintained in 
0.15 mM Ca2+ basal MCDB 153 for 2 d before incubation in basal 
MCDB 153 containing RA and growth factors for the indicated 
time in the experiments, We found that in hKC, deprivation of 
growth factors for 2 d was necessary to decrease DNA synthesis 
sufficiently for the stimulatory effect of EGF to be observed. The 
mKC and hKCwere labeled with 1 JtCi/ml of['H)-thymidine for 6 
and 2 h, respectively [17]. The ['H)-thymidine-labeled cells were 
processed for 11H] thymidine incorporation into DNA as previously 
described [12,13.15], For cell growth studies. quadruplicate sub-
confluent (approximately 50% confluent) hKC were rinsed and 
maintained in 0.15 mM Ca>+ basal MCDB 153 for 2 d. The hKC 
were then incubated with RA for 24 h before exposure to basal 
MCDB 153 containing growth factors (2.5 ng/ml EGF, 12.5 
Jtg/ml BPE, and 1.31'g/ ml insulin) or growth factorsand TGFft , for 
4 d. The cells from hKC were trypsinized in l X trypsin/EDT A and 
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the cell numbers were determined in a Coulter counter (Hialeah, 
FL). 
The data arc expressed as the mean of quadruplicate cultures ± 
standard error. Except the time course studies, which have been 
done only once, all ocher experiments have been repeated at least 
once, showing si milar results. 
RESULTS 
E ffect of EGF on DNA Synt hesis in mKC When mKC were 
incubated in basal MCDB 153 medium cOlltaining 10 ng/m! of 
EGF orTGFO', an increase in DNA synthesis over time, compared to 
the unstimulated mKC, was observed. The response of mKC to 
both growth facrors was idcmical, with maximal stimulation occur-
ring between 24and 48 h (Fig 10). The stimulation of DNA synthe-
sis by EGF and TGF" was dose-dependent, Maximal stimulation 
occurred at lbout 100 ng/ ml for EGF, whereas TGF(lcaused further 
stimulation at greater than 100 ng/ ml (Fig lb). An autoradio-
graphic study showed that the increase in [lH1 thymidine incorpora-
tion into DNA correlated with the number of IlHj thymidine-
labeled cells. The labeling index of control mKC was 24,7% ± 3,2 
and that of mKC stimulated by 5 ng/ ml EGF was 54,0% ± 2,7. 
RA Enhancem ent ofEGF Stimulatory E ffect DNA synthesis 
was similar in mKC that were maintained in basal medium or 
treated for 1 d with 10- 10 to to- 8 M RA in basal m.edium. Five 
ng/ 1111 EGF stimulated DNA synthesis by onefold over the unsti-
mulated control celis, Simultaneous incubation with 5 ng/ml EGF 
and 10- 11 M RAc.aused a furcher twofold increase in DNA synthesis. 
The enh;mcement of DNA synthesis by RA was dose-dependent 
(Fig 2a). A 24-h preincubation with RA before exposure to EGF .also 
resulted in a dose-depcndent enhancement of stimul.ation by EGF 
(Fig 2b). Similarly, preincubation of hKC with RA before exposure 
to EGF enhanced the stimulatory effect of EGF (Fig 2c). DNA 
synthesis was also slightly increased in mKC and substantially in-
creased in hKC that were pre-treatcd with RA and maintained for 
1 d in basal medium, although the increase was much smaller than 
cultures that were stimulated by EGF (Fig 2b,{), 
RA Enhancem ent ofTGF.s Inhibitory E ffect Figure 3 shows 
the effects of TGF.s and combinations of TGF.s and ItA on EGF-
stimulated DNA synthesis in a) mKC and b) hKC. TGFft at 30 
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Figure 1. Effect of EG F and TGFft on DNA ~ynthesis in mouse keratino-
cyte cultures (m KC). Quadruplic:atc confluent mKC were: incub:ated in basal 
medium and used for (a) time-course study. Ope" triat/gle: no :addition; opm 
cirrle: addition of 10 ng/ml EGF; clostd circll': addition of 10 ng/Illl TGFa. 
Dose-response study (b): (lpet/ tirr/e: addition of a to 300 ng/mI EGF; r/osed 
rirrfe: addition of TGFo for 24 h. The culrures were labeled with 13H]-thy-
midinc for 6 h and assayed for DNA synthesis as described in MateriaiJ and 
Methods. The data arc CPM/ I1& DNA ± SEM. 
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F igure 2. Enhancement ofEGF stimulation of mouse and human kerati nocyte DNA sy nthesis by all-trans retinoic acid (ItA). a: Direct addition ofRA and 
EGF to mouse kerarinocyte cultures (mKC). Confluent mKC were incubated for 24 h in basa l medium with the following additioru. Optn triangle: no 
addition ; optn square: 5 ng/ml EGF;optn rircfe: 10- 10 M to 10- 1 M RA:cloudcircle: 5 nglml EGF:md 10-11 M to 10- 1 M ItA. b: Pre-incubation of mKC with 
ItA before exposure to EGF. Confluent mKC were pre-incubated fo r 24 h in basal medium (control mKC) or basal medium containing 10- 10 M to 10- 7 M 
RA. At the end of the pre-incubation period, control mKC were mainuined in basal medium (opm triangle), or in basal medium plus 5 ng/ml EGF (open 
squarr), and the RA-pre-treated mKC were maintained in basal media (optn circle), or basal medium containing 5 ngJmJ EGF (cloud circle). c: Pre-i ncubation 
of human ke.ratinocyte cultures (hKC) with RA before exposure to EGF. Confluent growth factor-deprived hKC were pre-incubated for 24 h in basal 
medium (control hKC) or basal medium containing 10- 11 M to 10- ' M RA. At the end of the pre-incubation period, concrol hKC we re incubated with basal 
medium containing 5 ng/ml EGF (opt71 square) , and RA pre-treated cultures wt:rt: maintllined in basal medium (opt71 circle) or basal mediu m conuining 5 
ng/ml EGF (cloud ei,c/() . After 24 h of in cuba cion. the mKC and hKC were labeled with [lH]_thymidine and assayed for DNA synthesis. 
pg/ml had no effect. and at 100 pg/ml TGF, caused a 25% inhibi-
tion ofEGF-srimulated DNA synthesis in mKC. A combination of 
10- 11 M RA and 30 pg/m1 TGF, • neither of which alone inhibited 
DNA synthesis, caused a dramatic inhibition of the EGF-stimulated 
DNA synthesis. This low concentration of RA also signi ficantly 
enhanced the inhibitory effect of 100 pg/ml TGF, (Fig 30). A 
similar observation was made in hKC. A low concentration of RA 
(1 0- 10 M) rendered an ineffective dose ofTGFJ (10 and 30 pg/ml) 
inhibirory co growrh factor stimulated DNA synthesis and en-
hanced the inhibi tory effect ofhigherdoses (100 and 300 pg/m1) of 
TGF, (Fig 3b). 
Effect ofOose ofRA on TGF" lnhlbitory Effect EGF-stimu-
lared DNA synthesis in mKC was inhibited by TGF, (100 pg/ml). 
and this inhibition was enhanced by 10- 10 M RA but nor by 
10- 11 M or 10-9 M RA (Fig 4). 
E ffect of Time of Addition ofTGF.I and RA on Inhibition of 
DNA Synthesis It has been reported that retinoids inhibit cell 
proliferation at the G, phase of the cell cycle (18.19J. To study 
whether rhe enhancing effect ofRA on TGF" was dependent on rhe 
srate of prolifcf<nion of the kerarinocytes, a time-course experiment 
was perfomled in mKC (Fig 5). TG FJ (300 pg/ml) inhibited EGF-
stimulated DNA synthesis whether it was added ar 0 h (Fig 50) or at 
24 h (Fig Sb) relative to EGF stimulation. At 0 h, simultaneous 
addi tions of 10- 11 M RA and TGF"caused a further 20% decrease in 
DNA synthesis compared to inhibition by TGF,alone (p < 0.001). 
But when RA and TGF"were added at 24 h, no enhancemenr of the 
inhibitory effecc ofTGF, was observed (p> 0.1). The lack of en-
hancing effect when RA was added at 24 h was also observed ar 
lower and higher concentr.r.tions ofTGF" (dau not shown). 
RA Enhancement oftbe Eifects of Growth Factors and TGF,.I 
on Cell Growth in hKC Human KC are useful for cel l growth 
studies because the cell numbers of subcultured hKC can be accu-
rately determined by counting in a Coulrer particle counter and 
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Fig ure l. Enhancement of tr:l.nsforming growth factor beta. (TGF .. ) inhibi-
tion of mouse and human kt:ratinocyte DNA synthesis by RA. a: Confl uent 
mKC were incubated in basa l mt:dium for 24 h with [he following additions. 
Opt'lI trianglr: no addition; ope,. sqljtJre: 5 nglml EGF: closed $qua r~; 5 og/ml 
EGF and 10- 11 M RA; optt1 circle,' 5 ng/ml EGF and 10 to 100 pg/ml T GF/ ; 
closed cirrle: 5 ngl ml EGF, 10- 11 M RA and 10 to 100 pg/ml TGF,. b: 
Confluent growth factor-deprived hKC were incubated for 24 h in the 
following media . Optn trianglt; basal medium; optnsquart: g'rowth facto r {2.5 
ng/ml EGF. 12.5 ,ug/ ml BPE and t.J ,ug/ml insulin)-supplemenced basal 
medmm: cloud square: growth factor-supplemented medium containing 
10-10 M RA; optn eirclt: growth facfOr-supplt:mented medium containing 10 
to 300 pg/ ml TGF,; clostd cirelt: growth factor-supplemented medium con-
taining to to 300 pg/ml TGF" and 10- 10 M RA. After 24 h ofincuhation, 
the cultures wcre I:.belcd with ('HJ-thymidine and assayt:d fo r D NA synth t:-
sis. 
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Figur~ ... Effect of dose of RA on enhancement of TGF .. inhibition of 
kc:ratinocyte DNA synthesis. Conflu(:nt mKC were incubated in basal me-
dium for 24 h with the following additions. Btlr I: no addition; btlr 2: 5 
ng/ ml EGF; bad: 5 ng/ ml EGF and 100 pg/ ml TGF,; b.,4: 5 ng/ ml EGF, 
100 pg/ml TGF" and 10-" M RA: bad: 5 nglml EGF, 100 pg/ ml TGF" 
and 10- 00 M RA; b., 6: 5 ngl ml EGF, 100 pg/ml TGFl , and 10- ' M RA, Aft(:r 24 h of incubation, the mKC were labeled with I HJ-thymidine and 
assayed for DNA synthesis. 
subcultured cells have greater than 90% plating efficiency. The low 
concentration (5 ng/ml) of EGF used in these studies was sufficient 
to stimulate DNA synthesis in growth factor-deprived hKC but not 
cell growth (data not shown). MCDB 153 conujning a mixture of 
EGF, HPE, and insulin was therefore used to stimulate cdl growth. 
Preincubating subconfluent and growth factor-deprived hKC with 
RA before exposing the cultures to the growth factor-supplemented 
medium for 4 d caused a dose-rdated increase in cell growth com-
pared to cultures incubated in growth factor-supplemented medium 
alone (Fig 6a) . TGF, caused a dose-rdated inhibition of hKC 
growth. A combination of30 pg/ml TGF,and 10- 9 M RA caused a 
further 33% decrease in cell growth than that seen with TGF, 
alone. Higher concentrations of RA resulted in a loss of the enhanc-
ing effect (Fig 6b) . These results agree with those on DNA synthesis 
in til at only one concentration of RA enhanced the inhibitory effect 
ofTG F, (Fig 4). The concentrations ofRA required to enhance the 
effects of growth factors on cell growth were 10-fold higher than 
those required for enhancement of DNA synthesis. 
DISCUSSION 
Retinoids exhibit paradoxical effects on epidermal keratinocyte 
proliferation. Both inhibition and stimulation by these compounds 
have been observed in in vivo and in vitro systenu 16-11,20-23]. 
We have also reported that RA and a number of synthetic retinoids 
stimulated DNA synthesis in slow proliferating keratinocytes and 
inhibited fast growing keratinocytcs in a calcium-regulated mouse 
epidermal keratinocyte culture system [12,13]. Cell proliferation is 
largclyconcrolled by pepride growth factors, TGF. [31 and TGF,[4] 
have been found to be positive and negative growth factors, respec-
tively, of epidermal keratinocytes and are believed to playa major 
role in the homeostasis [1,2] and pathogenesis [5] of the epidermis. 
In this report, we have examined if the paradoxical effects of reri-
noids could be due to their ability to alter che response ofkeratino-
eytes to EGF, a positive growth factor that binds and acts through 
the same receptor as TGF .. [14] and to the inhibitory factor TGF,. 
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Figure 5. Effect of time of addition of TGF .. and RA on inhibition of 
keratinocyte DNA synthesis. Confluent mKC were incubated in the follow-
ing media at 0 h: basal medium (control). and basal medium contlining 5 
ng/ ",1 EGF (EGF). AI 0 h (a), and 24 h (b) ofincub"'on, 300 pg/ ml TGF, 
or 300 pg/ ml TG F .. plus 10- 11 M RA was added to the EG F-treared cultures. 
At 6, 24. 30 and 48 h of incubation, concrol, EGF-treated, EGF + TGF(" 
treated and EGF + TGF1 + RA-treated cultures were labeled with ['HI-
thymidine and assayed for DNA synthesis.·p < 0.001, paired t [cst. 
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Figure 6. Enlunccmenr of the growth effects of EGF :lI1d TGF, in hum:m 
kcr.atinocyte cultures (hKC) by RA. a: Subconfluent growth factor-deprived 
hKC wen: pre-incubated for 1 d in basal medium containing rhe following 
supplements: no additions (bar 1), 1O- ~ M R..4: (bar 2~ , to- II M RA (bar J), 
and 10- 7 M RA (bar 4) . After the pre-mcubatlon ~nod, the cultures were 
rinsed and incubated in growth factor-supplemented medi um (see Materials 
and Methods) for 4 d. b: Suoconfluenr. growth factor-deprived hKC were 
pre-incubated for 1 d in basal medium (bars 1-3) or basal medium cont.ain-
ing 10- ' M RA (b" 4), 10- ' M RA (b" 5), 10-' M RA (ha, 6), 0,10- ' M 
RA (bar 7) . After the preincubation period, the basal medium pre-incubated 
cultures were incubated in growth factor-supplemented medium with the 
following additions: no additions (bar I) , 30 pgfml TGF, (bar 2), or 100 
pg/ ml TeF, (lwr 3) , and the RA pre-treated cultures were incubated in 
growth factor-supplemented medium conC01ining 30 pg/ml TGF, (bars 4-
7) . After 4 d, the cell numbers from quadruplicate cultures were determined 
by counting in a Coulter p2rtide counter. The d2ta represent the number of 
cel ls per culrure ± SEM. 
We have shown that DN A synthesis in epidermal keratinocytes can 
be stimulated by EGF and TGF. (Fig 1.,b) and inhibited by TGF, 
(Fig 3a,b). respectively. The epidermal keratinocyte cultures have 
enabled us to study rhe effects of the inreraction ofRA with stimula-
tory and inhibitory growth factors on keratinocyte proliferation. 
In basal medium. DNA synthes is was similar in RA-treated and 
untreated mKC after 1 d of incubation, showing that RA by itself 
has neither stimulatory nor inhibitory effects on DNA synthesis 
(Fig 20). Upon longer incubation in basal medium without EGF, 
mKC synthesized significant amounts of DNA (Fig 10). Signifi-
cantly greater DNA synthesis than the untreated cultures was also 
observed in mKC and especially in hKC that were pre-treated with 
RA in basal medium (Fig 2b,c). These effects could be due to a 
response of the cells to mitogenic growth factors. such as TGFa , 
which can be released by keratinocytes in cultures [3]' 
Stimulatory effects and inhibitory effects of RA were observed 
only when the retinoid was used in combination with the positive 
growth factor, EGF (Fig 20-c). or the negative growth factor, TGF, 
(Fig 3.,b). 
In I11KC, both simultaneous incubation with RA and EGF and 
pre-incubation with RA before exposure [0 EGF resu lted in an 
enhanced response ofkerat inocytes to the stimulatory effect ofEGF 
(Fig 20,b). Pre-incubation of growth factor-deprived h KC with RA 
resulted in a similar enhancing effect on both DNA symhesis and 
ce ll growth when the cultures were exposed to EGF (Fig 2,) or 
growth factors (Fig 60). The instant response of mK C to EGF and 
T GFa (Fig lo,b) indicates that growth in the low serum and low 
growth factor-containing medium and the confluence of the cul-
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ture had rendered the mKC quiescent or in G1 phase of the cell 
cycle; thus, it was readily stimulated by EGF. The fact that the need 
to deprive the hKC of growth facto rs before stimulation of DNA 
synthesis could be observed suggests that the growth factor supple-
mented medium used to grow the hKC maintained the cells in an 
actively proliferating state. which obscured the stimulating effects 
of EGF or growth factors. This active state of hKC might have 
caused the high level of DNA synthesis in the RA-pretreated, 
growth factor-deprived cells (Fig 2c). The growth-arrest require-
menr (Fig 2a-c) agrees with our previous observ.ation that rhe en-
hancing effect of retinoids on (>roliferation occurred in keratino-
eytes that were growing slowly 1I2, 13}. These effects also correlate 
with the hyperplastic effect of retinoids on normal epidermis 
[1 0. 11 [, whe« the keratinocytes have a long G, phase [24J.1n other 
cul ture systems, RA has been reported to potentiate the promotion 
of growth in quiescent 3T3 cells by combinations of 12-0-teuadeca-
noyl-phorbol-13-acetate (TPA), EGF, fetal bovine serum, fibro-
blast-derived growth factor, or insulin [2S]. 
The mechanism by which RA enhances the response of cells to 
mitogenic growth factors is unclear. One possibility is that RA 
causes an increase in EGF receptors in cell s. The number of EGF 
receptors are specifically increased by retinoids in a number of fi-
broblast and epithelial cell lines [26J. W e have also observed that RA 
pre-incubated mKC bound increased amounts of'2SI-EGF (data not 
shown). Recently, nuclear receptors for RA have been cloned from 
human cell lines and tissues [27 -29J. suggesting that RA can induce 
gene expression. Thus, EGF receptors could be induced by RA in 
keratinocytes. Whether the increase in EGF receptors occurs only in 
quiescent kerarinocytcs and whether the increase correlates wi th the 
enhanced proliferation of the cells remain to be studied. Another 
possibility is that RA induces the synthesis or release of mitogenic 
growth factors, such as TGFa [3], which augment the stimulatory 
effect of EGF present in the medium. An understanding of the 
interact ions of retinoids and growth factors could lead to better use 
and design of rerinoids. 
TGFp has been shown to arrest hKC growth at G, phase [4J . Our 
results, however, suggest that TGF, was inhibitory at more than 
one phase of the cell cycle. Inhibition of DNA synthesis was ob-
served whether TGFp was added atthe beginining (0 h) or 24 h aftet 
EGF stimulation (Fig So,b). ln contrast, RA enhanced the inhibitory 
effect of TGFponly when it was added with TGF,8at the beginning 
ofEGF stimulation (0 h) but not at 24 h after EGF stimulation (Fig 
Sa,b). This time-dependem effect of RA could be related to the 
speci fic mid-G, phase of cell cycle inhibition by retinoid, [18, 19J. 
Because of the ability of retinoids to arrest cells at G1 phase and the 
very potent inhibitory effect ofTGFJ (Fig 3a,b and 6b), it was not 
surprising that a combination of both agents caused a dramatic in-
hibitory effect on keratinocytc proliferation. In both mKC and 
hKC, a low concentration ofTGF,8and RA, neither of which alone 
had any effect 0 11 DNA synthesis, became greatly inhibitory when 
combined (Fig 30,b). R.A also enhanced the inhibitory activity of 
high« doses of TGFp (Fig 3.,b). The inhibition of cell growth by 
T GFp was also enhanced by RA in hKC (Fig 6b). The enhancement 
of the TGF,8 inhibitory effects, however, occurred only at a very 
narrow concentration range of RA. At a higher or lower concentra-
tion, enhancement was no longer observed (Fig 4 and 6b). Our 
previous studies showed that RA and synthetic retinoids inhibited 
mouse kcratinocytes in a dose-dependent manner [12.13]. Thus, it is 
not likely that the en hancing effect of RA on the TGF, inhibitory 
effect is limited to only one critical concentration of RA. A possible 
reason for the loss of enhancement at higher RA concentrations is 
that ItA also enhanced the stimulatory effect of EGF, which was 
present in the medium, and masked the inhibitory effect ofTGF,8' 
The mechanism by which TGF,8 inhibits epithelial cell prolifera-
tion is unclear [2J. Specific binding of radiolabeled TGFp has been 
demonstrated in hKC, and hKC has been shown to secrete the 
inactive form ofTGF,8 imo the medium [4] . Retinoids could inhibit 
proliferation by increasing the sensi tivity of keratinocytes to very 
low levels of TGF,8 or by causing the keratinocytes to convert the 
inactive TGF,8 to its active form. Recently, in the mouse kcratino-
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cyte cell line BALB/MK. TGF, has been shown to rapidly inhibit 
c-mye gene eEreSSion, which plays a role in the maintenance of cell 
proliferation 30. The mouse and human keracinocyte cultures 
should be use ul ~or studying whether retinoids modulate the num-
ber or activiry of the TGF, receptors, cause kerarinocytes to activate 
inactive forms of TGF" or in.fluence proliferation related cellular 
oncogene expression. 
In summary, we have established mouse and human keratinocyte 
cultures that respond to the mitogenic factor, EGF, and the inhibi-
tory growth facmr, TGF,. The activities of these growth factors 
were enhanced by RA. Further research on the actions and mecha-
nisms of retinoids on epidermal proliferation should yield useful 
information for the devclopmcnr and use of retinoids. 
Wt grQ(ifully Qcknowledge Heidi Wierzba for tditoria' assutatlct. 
REFERENCES 
I. Sporn MB, Robc:rts AB: Autocrine growth factors and cancer. Narure 
313:745-747.1985 
2. Sporn MD. Roberts AB, Wake6e1d LM, de Crombrugghe B: Some 
recent advances in the chemistry and biology of tr<1osforming 
growth f:actor-bera. J Cell Dial 105:1039 - 1045, 1987 
3. Coffey RJ Jr, Derynck R. Wilcox IN, Bringman TS, Goustin AS. 
Moses Hl. Pittelkow MR: Producrion and auto-induction of trans-
forming growth factor-a in human ker<1tinocytes. N:ature 328:817 -
820. 1987 
4. Shipley GO, Pittelkow MR, WilleJJ, SCOtt RE, Moses HL: Reversible 
inhibition of normal human prokeradnocyte proliferation by type P 
transforming growth factor-growth inhibitor in serum-free me-
dium. Cancer Res 46:2068-2071.1986 
5. Elder JT. Fisher GJ. Lindquist PB. Bennen GL, Pirtelkow MR. Coffey 
RJ Jr. Ellingsworth L. Derynck R. VoorheesJJ: Overexpression of 
transforming growth factor a in psoriatic epidermis. Science 
243:811-814.1989 
6. Krugger GG, Shelby NJ, Hansen CD. Taylor MD: Comparison of 
labc:ling indices of skin involved and uninvolved with psoriasis; 
placebo and onl Ro10-9359 vs. time. Clin Res 28:21A, 1980 
7. Fnrsch PO. Pohlin G, Langle U, Elias PM: Response of epidennal 
prolifen-tion to Or<1i1y administered :uomatic rerinoids. J Invest Der-
=10177:287 - 291.1981 
8 . .Ehmann CWo Voorhees JJ: International studies of the efficacy of 
etretinate in the treatment of psoriasis. JAm Acad DermatoI6:692 -
696. 1982 
9. Lowe NJ. Kaplan R. Breeding J: Etretin:ae tre2tment for psoriasis 
inhibits epidermal ornithine decarboxylase. ] Am Acad Dennatol 
6:697 - 708. 1982 
10. Connor MJ. Ashton RE. Lowe NJ: A compan-tive study ofthc induc-
tion of epidermal hyperplasia by natural and synthetic rctinoids. J 
Pharmacol Exp Therapeutics 237:31-35.1986 
RETINOIC ACID AND GROWTH FACTOR INTERACTIONS 131 
11. Rocnigh HH Jr. Maibach HI: Psoriasis. Marcel DeHer, New York. 
1985. PP 537 - 583 
12. Tong P, Mayes 0, Wheeler L: Extn-ceilular calcium ahen the effects 
of retinoic acid on DNA synthesis in cultured murine ker<1tinocytes. 
Hiochem Biophys Res Commun 138:483 - 488. 1986 
13. Tong PS, Mayes OM. Wheeler LA: Differential effects of retinoids on 
DNA synthesis in calcium-regulated murine epidermal keratinocyte 
cultures. J Invest Demmol 90:861 - 868, 1988 
14. Derynck R, Roberts AB. Winkler ME. Chen EY. Goeddd DV: 
Human transforming growth-factor-a: precursor structure and ex-
pression in E. coli. Cell 38:287 - 297. 1984 
15. M:acelo Cl, Kim YG. K2ine JL, Voorhees JJ: Stratification, speciali-
ution, and proliferation of primary ken-tinocyte culrures. J Cell 
mol 79:356 - 370. 1978 
16. Boyce ST, Ham RG: Calcium-regulated differentiation of norlllal 
human epidermal keratinocytcs in chemically defined clonal culture 
and serum-free serial cultures. J Invest DermaroI81:33S-40S. 1983 
17. Schwartz PM, Kugelman LC, Coifman V, Hough LM, Milstone LM: 
Human keratinocytes catabolize thymidine . ] InveS[ Dermatol 
90:8 - 12.1988 
18. Dion LD, Gifford GE: Retinoic acid induces a G1 cell cycle block in 
HeLa Cells (40806). Proc Soc Exp Bioi Med 163:510-514. 1980 
19. Haddox MK. Russell DH: Cell cycle-specific locus of vitamin A inhi-
bition of growth. Cancer Res 39:2476-2480,1979 
20. Marcelo CL, Madison KC: Regulation of the expression of ~pidermal 
keratinocyte proliferation and differentiation by Vitamin A analogs. 
Arch Dermatol Res 276:381 - 389,1984 
21. Sporn MO, Clamon GH, Dunlop NM, Newton DC, Smith TM,Saf-
fiorti V: Activity of Vitamin A analogues in cell cultures of mouse 
epidermis and org:an cultures of hamster trachea. N:nure 253:47-
50. 1975 
22. Christophers E: Growth stimul;:.tioll of cultured postembryonic epi-
dc.:rmal cells by vitamin A acid. J Invest Dermatol 63:450-455, 
1974 
23. Orfanos CE, Braun-Falco 0, Farbc:r EM, Grupper CH. Polano MK. 
Schuppli R: Retinoids. Springer-Verlag, New York. 1981. pp 133-
138 
24. Weinstein GO. Ross P, McCullough JL. Cohon A: Psoriasis: Cell 
Proliferation. Churchill Livingston. London. 1983. pp 189-208 
25. Dicker P, Rozcngun E: Retinoids enhance mitogenesis by tumor pro-
moter and polypeptide growth factors. Biochem Biophys Res Com-
mun 91 :1203-1210,1979 
26. Jetten AM: Retinoids specifically enhance the number of epidermal 
growth factor recepton. Narure 284:626- 629. 1980 
27. Petkovich M. Orand N J, Kmst A. Chambon P: A human retinoic acid 
receptor which belongs (0 rhe family of nuclear receptors. Nature 
330:444-450.1987 
28. Giguere V. Ong ES, Sequi P. Evans RM: Identification of a receptor for 
the morphogen retinoic acid. Nature 330:624 - 629,1987 
29. Benbrook D. Lernhan E, Pfahl M: A new retinoic acid receptor identi-
fied from a hepatocdlul:ar carcinoma, Nature 333:669 - 672, 1988 
30. I)ietenpol JA, Bascom CC, Moses HL. Holt JT: Role of c-myc in TGF, 
inhibition of keratinocyte proliferation. J Cell Biochem Suppl 
13B:94.1989 
